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The cellular DEAD box RNA helicase UAP56 plays a pivotal role in the efficient transcription/replication of
influenza A virus. UAP56 is recruited by the nucleoprotein (NP) of influenza A viruses, and recent data
revealed that the RNA helicase is required for the nuclear export of a subset of spliced and unspliced viral
mRNAs. The fact that influenza viruses do not produce detectable amounts of double-stranded RNA (dsRNA)
intermediates during transcription/replication suggests the involvement of cellular RNA helicases. Hence, we
examined whether the RNA-unwinding activity of UAP56 or its paralog URH49 plays a role in preventing the
accumulation of dsRNA during infection. First, our data showed that not only UAP56 but also its paralog
URH49 can interact with NPs of avian and human influenza A viruses. The small interfering RNA (siRNA)-
mediated depletion of either RNA helicase reduced the transport of M1 and hemagglutinin (HA) mRNAs and,
to a lesser extent, NP and NS1 mRNAs into the cytoplasm. Moreover, we found that virus infection of
UAP56-depleted cells leads to the rapid accumulation of dsRNA in the perinuclear region. In parallel, we
observed a robust virus-mediated activation of dsRNA-dependent protein kinase R (PKR), indicating that the
cellular RNA helicase UAP56 may be recruited by influenza virus to prevent dsRNA formation. The accumu-
lation of dsRNA was blocked when actinomycin D or cycloheximide was used to inhibit viral transcription/
replication or translation, respectively. In summary, we demonstrate that UAP56 is utilized by influenza A
viruses to prevent the formation of dsRNA and, hence, the activation of the innate immune response.

Influenza A viruses cause a highly contagious respiratory
disease in humans and have been responsible for periodic
widespread epidemics, or pandemics, that have caused high
mortality rates (22). The most devastating pandemic occurred
in 1918, resulting in 20 to 50 million deaths worldwide. Influ-
enza viruses are enveloped, and their genomes consist of eight
negative-stranded RNA segments coding for at least 10 pro-
teins. While the majority of their viral mRNAs are intronless
(mRNAs of segments 1 to 6), segments 7 (M) and 8 (NS)
generate spliced as well as unspliced mRNAs (16). The viral
genome is transcribed and replicated within the host cell nu-
cleus by the virus-encoded RNA-dependent RNA polymer-
ase complex consisting of the three subunits PB1 (protein
basic 1), PB2, and PA (protein acidic) in the cell nucleus.
The synthesis of viral mRNA involves a “cap-snatching”
mechanism, whereby the cap structures of cellular precursor
mRNA are cleaved 12 to 15 nucleotides downstream of the
cap by the endonuclease activity of PA (6). The capped
oligonucleotides serve as primers for the initiation of the
viral mRNA synthesis. The replication of viral genomic
RNA involves the synthesis of a positive-stranded comple-

mentary intermediate (cRNA) of the genomic RNA. Since
the genome of influenza viruses does not encode a helicase,
which is required for the unwinding of double-stranded
RNA (dsRNA) replicative intermediates, it has been sug-
gested that the influenza virus polymerase complex may
recruit cellular RNA helicases. In support of this, Momose
and colleagues demonstrated previously that the nucleopro-
tein (NP) of influenza A virus binds to the DEAD box
helicase UAP56 and that this interaction leads to increased
viral RNA (vRNA) synthesis in vitro (21).

UAP56 plays a pivotal role in spliceosome assembly as well
as the export of spliced and unspliced mRNAs from the nu-
cleus into the cytoplasm. UAP56 was first identified as an
essential splicing factor that is required for prespliceosome and
mature spliceosome assembly (9, 33, 34). In addition, UAP56
plays an important role in the nuclear export of mRNA into
the cytoplasm (18). Hereby, UAP56, as part of the transcrip-
tion export complex (TREX), recruits the Aly/REF nuclear
export adaptor protein to the exon-junction complex (EJC)
bound to pre-mRNAs and delivers it to the export receptor
NXF1 (4, 31). Furthermore, UAP56 appears to be involved in
the proper translocation of mRNAs in the cytoplasm (20).

URH49/DDX39 is a paralog of UAP56, exhibiting 90%
amino acid identity. URH49 appears to have a function very
similar to that of UAP56 in nuclear RNA export (15, 27). Like
UAP56, URH49 is able to interact with the nuclear export
adaptor protein Aly and can partially complement the function
of Sub2p, the yeast homolog of UAP56 (27). Both URH49 and
UAP56 can be detected in all mammalian cells and tissues but
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exhibit different expression profiles. While the URH49 expres-
sion level is clearly increased in proliferating cells, UAP56
levels remain constant (27). The concomitant downregulation
of URH49- and UAP56-specific small interfering RNAs
(siRNAs) leads to the retention of poly(A)� RNA in the nu-
cleus and to cell death within 72 h (15). So far, there are no
data available that would link URH49 to spliceosome assembly
or the cytoplasmic targeting of mRNPs.

Growing evidence suggests that influenza viruses exploit the
primary cellular mRNA nuclear export pathway for directing
their mRNAs to the cytoplasm (2, 28, 38). Subsets of spliced
and unspliced influenza virus mRNAs are exported into the
cytoplasm in a UAP56/NFX1-dependent fashion. Read and
Digard (28) recently showed that UAP56 is involved in the
nuclear export of M1, M2, and NS1 mRNAs, while the export
of other viral mRNAs, such as those encoding NS2, NP, and
hemagglutinin (HA), appear to be independent of UAP56.
Hence, UAP56 participates in the nuclear export of spliced as
well as unspliced viral mRNAs. In contrast, the nuclear export
of genomic viral RNPs (vRNPs) is mediated by the CRM-1
pathway independent of UAP56 (8).

In this study we first sought to determine whether UAP56
and URH49 play a role in the replication/transcription of in-
fluenza virus RNA. We observed that both URH49 and
UAP56 interact with the NP protein from both avian and
human influenza virus strains. Using siRNAs specific for either
URH49 or UAP56, we found that the downregulation of
UAP56 or URH49 reduced the accumulation of NP mRNAs in
the cytoplasm. Most interestingly, we found that virus infection
of cells with downregulated UAP56 leads to the rapid accu-
mulation of dsRNA in the perinuclear region. In parallel, we
observed a robust virus-dependent activation of dsRNA-de-
pendent protein kinase R (PKR) in these cells, indicating that
the function of the cellular UAP56 RNA helicase may be
redirected by the influenza virus to evade the antiviral function
of the type I interferon (IFN) system.

MATERIALS AND METHODS

Cells and viruses. A549 and HEK 293T (ATCC) cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco) supplemented with 10%
fetal calf serum (FCS), 1% penicillin-streptomycin (Gibco), and 1% Glutamax
(Gibco). The human influenza virus strain A/PR8/34/H1N1 (PR8), the avian
influenza virus strain A/Bratislawa/79/H7N7 (fowl plague virus [FPV]), and ve-
sicular stomatitis virus (VSV) Indiana were previously described (26). Infections
were carried out with DMEM, 2% FCS, 1% penicillin-streptomycin, and 1%
Glutamax for FPV and VSV. For PR8, DMEM with 0.2% bovine serum albumin
(BSA) (Roth), 1% penicillin-streptomycin, 1% Glutamax, and 0.5 �g/ml trypsin
was used. Cells were washed once with infectious medium; afterwards, infections
were done for 30 min at room temperature, virus was aspirated, and the cells
were incubated in infectious medium for the indicated amounts of time. Viral
titers were determined as the 50% tissue culture infective dose (TCID50) with
supernatants from infected cells. Madin-Darby canine kidney (MDCK) cells
were used for virus titrations. Titrations were performed, as previously described
(26), at least four times for each virus. Statistical significance was determined by
using the paired t test.

Transfections and siRNA knockdowns. 293T cells were transfected at 80%
confluence with jetPEI transfection reagent (Polyplus transfection) according to
the instructions of the manual. Validated stealth siRNAs were purchased from
Invitrogen, and medium GC control siRNA (12935-300; Invitrogen) and vali-
dated pooled siRNAs were used against URH49 (DDX39HSS141113,
DDX39HSS141114, and DDX39HSS141115; GenBank accession number
NM_005804.2) and UAP56 (BAT1HSS111847, BAT1HSS111848, and
BAT1HSS111849; accession number NM_004640.5). siRNA transfections were
done by using HiPerFect (Qiagen) according to the manufacturer’s instructions.

Transfections were performed in suspension using 6 � 104 cells per 24-well and
30 nM siRNA. Knockdowns were confirmed via Western blot analysis and quan-
titative PCR (qPCR).

Western blot and coimmunoprecipitation assays. 293T cells were grown in
10-cm cell culture dishes (Techno Plastic Products [TPP]) and transfected at
80% confluence with the indicated amounts of plasmid. Forty-eight hours after
transfection cells were lysed in 500 �l lysis buffer (0.5% Triton X-100, 20 mM
Tris [pH 7.5], 100 mM NaCl, 50 mM �-glycerolphosphate, 50 mM sodium
fluoride, 1 mM sodium orthovanadate, and a protease inhibitor cocktail
[Roche]). Coimmunoprecipitations were performed with 1 �g mouse anti-FLAG
antibodies (Sigma) for 4 h at 4°C. Immunoprecipitations were done at room
temperature for 1 h by using 50 �l of protein G beads (Dynalbeads; Invitrogen).
Samples were washed three times with lysis buffer, and beads were taken up in
40 �l SDS-Laemmli buffer and heated for 5 min to 95°C. Samples were loaded
onto 10% SDS gels, followed by immunoblot analysis with different antibodies.
Anti-FLAG antibody (1:3,000; Sigma) against mouse and rabbit, anti-URH49
(1:750; Acris), anti-UAP56 antibody (serum from a mouse immunized with a
peptide of human UAP56), anti-NP mouse monoclonal antibody HB65 (1:3),
and polyclonal serum against influenza A virus (FLUAV) (1:1,500) and anti-
actin (1:2,000; Santa Cruz Biotechnologies [SCBT]) were used. Anti-PKR and
-phospho-PKR (1:2,000; Abcam) and anti-FLUAV M1 HB64 (1:3; ATCC) an-
tibodies were also used. Primary antibodies were incubated overnight at 4°C and
incubated the next day for 1 h with anti-horseradish peroxidase (HRP)-conju-
gated secondary antibodies from GE-Healthcare (1:10,000). Membranes were
analyzed with a Fuji imager using Multi Gauge 3.0 software.

Indirect immunofluorescence analysis. A549 cells were transfected with
siRNA as indicated and grown on chamber slides for 72 h. Cells were infected
at a multiplicity of infection (MOI) of 5 with FPV or PR8, fixed at the
indicated times postinfection (p.i.) with 4% paraformaldehyde, and perme-
abilized with 0.5% Triton X-100 in phosphate-buffered saline (PBS). Cells
were washed twice with PBS and blocked for 30 min with 1% BSA. Primary
and secondary antibodies were diluted in 1% BSA and incubated for 1 h at
room temperature in the dark. Cells were washed three times after each step.
Anti-dsRNA J2 antibody (1:4,000; Engscicons, Hungary) and rabbit anti-
FLUAV serum (1:300) were used as primary antibodies. As secondary anti-
bodies, Alexa 488 anti-rabbit and Alexa 594 anti-mouse (1:1,000; Invitrogen)
antibodies were used. Cycloheximide (75 �g/ml) and actinomycin D (0.5
�g/ml) were diluted from 10-mg/ml stocks in normal DMEM and incubated
with the cells from 1 h before infection until fixation of the cells. Slides were
mounted in Fluoromount mounting medium containing 4�,6-diamidino-2-
phenylindole (DAPI) (Southern Biotech). Samples were analyzed with a
Leica TCS SP5 microscope using LAF software.

Expression constructs and protein purification. URH49 and UAP56 were
cloned into pGEX-3x (GE Healthcare) with an N-terminal glutathione (GSH)
S-transferase (GST) fusion tag (URH49-for [5�-GATAAGAATTCCGCAGAA
CAGGATGTGGAAAACGATC-3� {EcoRI}], URH-49-rev [5�-CTAATGAAT
TCAATTTACCGGCTCTGCTCGATGTATGTG-3� {EcoRI}], UAP56-for [5�-
CTTATACCCGGGGCAGAGAACGATGTGGACAATG-3� {SmaI}], and
UAP56-rev [5�-CAATAATCCCGGGATAAACTACCGTGTCTGTTCAATG
TA-3� {SmaI}]).

Proteins were expressed in Escherichia coli BL21 cells with 0.1 mM isopropyl-
�-D-thiogalactopyranoside (IPTG) for 4 h at 32°C. Bacteria were harvested and
lysed by 6 cycles of sonication for 30 s in Tris lysis buffer (50 mM Tris-HCl [pH
8.0], 500 mM NaCl, 0.1% NP-40, 5 mM MgCl2, 10 mM 2-mercaptoethanol, 10%
glycerol, protease inhibitor cocktail [Roche]). Lysates were cleared at 12,000 �
g for 20 min and applied onto a glutathione-Sepharose column (Glutathione
Sepharose High Performance; GE Healthcare). Bound proteins were washed
with Tris wash buffer (50 mM Tris-HCl [pH 8.0], 100 mM KCl, 0.1% NP-40, 5
mM MgCl2, 10 mM 2-mercaptoethanol, 10% glycerol), eluted with Tris elution
buffer (20 mM Tris-HCl [pH 8.0], 100 mM KCl, 0.1% NP-40, 5 mM MgCl2, 5 mM
2-mercaptoethanol, 10 mM reduced glutathione, 20% glycerol), and dialyzed
against elution buffer without GSH. PR8-NP and FPV-NP were cloned into
pQE-32 vectors (Invitrogen) containing an N-terminal 6�His tag by using the
following primers: PR8-NP-for (5�-GATTATCCCGGGGCGTCTCAAGGCAC
CAAACGATC-3� [SmaI]), PR8-NP-rev (5�-CATTAGGTCGACTTATCGTAT
TCCTCTGCATTGTC-3� [SalI]), FPV-NP-for (5�-CATTACCCGGGGCGTCT
CAAGGCACCAAACGATCTTATG-3� [SmaI]), and FPV-NP-rev (5�-CGTAA
TCCCGGGGATTAATTAATTGTCATACTCCTCTGCATTGTCTC-3� [SmaI]).
Proteins were expressed in E. coli M15 pRep4 cells with 1.5 mM IPTG overnight
at 22°C. Bacteria were harvested and sonicated 6 times for 30 s in Tris lysis buffer
containing 50 mM imidazole. The resulting lysates were cleared at 12,000 � g for
20 min, applied onto Ni-nitrilotriacetic acid (NTA) columns (Qiagen), washed
with Tris wash buffer containing 50 mM imidazole, eluted with elution buffer (as
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described above but with GSH replaced with 250 mM imidazole), and dialyzed
against elution buffer without imidazole.

Alpha screen. The Alpha screen assay (Perkin-Elmer) was performed with a
384-well OptiPlate with a 25-�l reaction mixture volume. The recombinant
proteins were incubated for 2 h at room temperature at a final concentration of
30 nM each protein in Alpha screen buffer (PBS [pH 7.2], 0.1% BSA), together
with AlphaLISA anti-GST acceptor beads and Alpha screen Ni-chelate donor
beads at a concentration of 20 �g/ml. Interactions were analyzed with a Perkin-
Elmer Envision device.

Real-time PCR. pCMV-UAP56 was a gift from C. Basler and P. Palese (New
York, NY). UAP56 was cloned into pcDNA3.1 (Invitrogen) with primers con-
taining an N-terminal FLAG tag (forward primer CGAATTGGATCCGCCAC
CATGGACTACAAAGACGATGACGATAAAGCAGAGAACGATGT
GGAC and reverse primer GGATGACTCGAGGGGCGAGTCTTCTACCGT
GTCTGTTCAATGTAGGAGG). FLAG-URH49 was a gift from P. Lischka
(Erlangen, Germany). Nucleoproteins of PR8 and FPV were cloned into
pcDNA3.1. RNA was isolated as previously described (25). Reverse transcription
was performed by using Superscript III (Invitrogen) according to the manufac-
turer’s protocol, using either an oligo(dT) primer or a sequence-specific primer
(18S rRNA) and 1 �g RNA. qPCR was carried out by using Eva-Green ready-
to-use qPCR mix (Biotium) and primers specific for FPV-M1, FPV-M2, FPV-
NP, FPV-NS1, FPV-HA, and 18S rRNA on a Applied Biosystems 7300 qPCR
cycler (40 cycles of 10 s at 95°C, 20 s at 55°C, and 27 s at 72°C). For the 18S rRNA
control, reverse transcription was performed with an 18S rRNA-specific primer.
Sequence Detection software 1.4 was used to analyze the data. The following
primers were used: M1 for (GACCAATCCTGTCACCTC), M1 rev (GATCCC
CGTTCCCATTAAGGG), M2 for (GAGGTCGAAACGCCTAT), M2 rev (CT
CCAAGCTCTATGCTGACAAA), NP for (TGTGCAACATCCTCAAAGGA
AA), NP rev (GAGCCACTGATCCCCTCAGA), NS1 for (CATGCTCATGC
CCAAACAGA), NS1 rev (TCCTCGGTGAAAGCCCTTAG), HA for (GCAG
GTTGATGCCAATTGC), HA rev (TTCATCCCTGTTGCCAATAATAGA),
18S rRNA for (CAAGACGGACCAGAGCGAAA), and 18S rRNA rev (GGC
GGGTCATGGGAATAAC).

Northern blotting. Northern blot analysis was performed as previously de-
scribed (25). Ten micrograms of nuclear or cytoplasmic RNA was loaded per
lane. After the transfer of the separated RNAs onto nylon membranes, the RNA
was UV cross-linked by using a UV Stratalinker 1800 instrument (Stratagene).
Before hybridization the blots were stained with methylene blue in 0.3 M sodium
acetate (pH 5.0) to visualize precursor 28S rRNA and 18S RNA. Hybridization
was carried out with digoxigenin (DIG)-labeled negative-stranded RNA probes
for NP and M by using the Northern Starter kit (Roche) according to the
manufacturer’s instructions. The RNA probes were in vitro transcribed from
linearized plasmid templates containing the M and NP segments of FPV. The
Northern blots were analyzed with a Fuji imager. Bands representing M1
mRNA, NP mRNA, or 18S rRNA were quantified by using Multi Gauge 3.0
software.

RESULTS

The overall goal of our study was to dissect the role of
UAP56 in the course of influenza A virus replication. Since all
human cells express both UAP56 and its paralog URH49, it
was pivotal to monitor the effects of both helicases on influenza
A virus infection. First, we tested whether both URH49 and
UAP56 would interact with NP from human and/or avian in-
fluenza A virus strains. To this end, NP from human influenza
virus strain A/PR/8/34 or avian influenza virus strain A/Bratis-
lawa/79/H7N7 was coexpressed with FLAG-tagged human
UAP56 or URH49 in human HEK 293T cells. UAP56 or
URH49 was then immunoprecipitated, and the associated pro-
teins were analyzed by Western blotting. Interestingly, the NPs
from both the human and avian influenza virus strains were
capable of forming a complex with UAP56 as well as URH49
(Fig. 1A).

The direct protein interaction between avian or human NP
and URH49 as well as UAP56 was confirmed in vitro by using
the Alpha screen technique. The data show that in vitro,
URH49 and UAP56 interacted with an affinity similar to that
of NP derived from a human or an avian influenza A virus
strain (Fig. 1B).

Influence of URH49 or UAP56 knockdown on viral titers.
We next tested whether the individual knockdown of URH49
or UAP56 would affect the efficiency of avian and human
influenza A virus replication. For this purpose A549 cells were
first transfected with pools of siRNAs specific for either
URH49 or UAP56. The knockdown of the targeted proteins
was verified by Western blot analysis (Fig. 2A). Importantly,
the transfection of the siRNAs did not upregulate the expres-
sion of the type I interferon (IFN)-inducible MxA protein (1,
36), demonstrating that type I IFN was not induced by the
application of the siRNAs used in this study (Fig. 2A). The
depletion of URH49 or UAP56 in A549 cells with specific
siRNAs strongly affected the replication efficiency of both hu-
man and avian influenza A viruses (Fig. 2B to D). The knock-
down of UAP56 and URH49 led to reductions of avian influ-

FIG. 1. Human and avian influenza A virus nucleoproteins interact with the cellular helicases UAP56 and URH49. (A) Coimmunoprecipitation
assays were performed with FLAG-tagged UAP56 or URH49 and avian or human influenza A virus nucleoproteins. The arrow indicates the
position of the heavy chain of the antibodies used for immunoprecipitation (IP). IB, immunoblot; WCL, whole-cell lysate. (B) Affinity-purified
GST-UAP56 or GST-URH49 and His-PR8-NP (A/PR8/34) or His-FPV-NP (A/FPV/Bratislawa/79) were mixed and assayed (30 nM each protein)
for interactions in vitro using the Alpha screen technology. As a negative control GST alone was incubated with His-PR8-NP. The interaction of
GST-UAP56 and His-PR8-NP was set to 100% as a reference for the other interactions.
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enza virus A/FPV/79 titers by factors of 200 and 5, respectively
(Fig. 2B). Less pronounced but still significant reductions (P �
0.05) of viral titers were observed with laboratory strain A/PR/
8/34, where the downregulations of UAP56 and URH49 led to
20- and 5-fold decreases of viral titers, respectively (Fig. 2C).
Similarly, we observed significant (P � 0.05) 5- and 50-fold
titer reductions in UAP56- and URH49-depleted cells, respec-

tively, infected with a Zürich isolate of the pandemic H1N1
influenza virus (Fig. 2D). Surprisingly, infection with VSV also
led to significant (P � 0.05) 5- and 9-fold reductions of titers at
12 h postinfection in UAP56 and URH49 knockdown cells,
respectively (Fig. 2E). To exclude the remote possibility that
the observed reduction of influenza A virus titers in A549 cells
depleted of URH49 or UAP56 was due simply to the induction

FIG. 2. Knockdown of UAP56 or URH49 results in a strong reduction of titers of influenza A virus. (A) A549 cells were treated with the
indicated siRNAs for 48 h. Protein levels of UAP56 and URH49 were analyzed by Western blotting. MxA was used to monitor the induction of
interferon in siRNA-treated cells. (B to E) A549 cells were treated with the indicated siRNAs for 48 h and subsequently infected with FPV (MOI �
0.1) (B), PR8 (MOI � 0.1) (C), A/Zurich/8665/2009(H1N1) (MOI � 1) (D), and VSV Indiana (MOI � 0.1) (E), and culture supernatants were
taken 24 h postinfection and assayed for virus titers by using the TCID50 method. For VSV, virus titers were measured after 12 h. An asterisk
indicates a P value of �0.05.
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of type I interferon by siRNA treatment, we repeated the
experiment with transfected A549 cells stably expressing the V
protein of simian virus 5 (SV5) (see Fig. S1 in the supplemen-
tal material). The V protein is a potent inhibitor of the type I
IFN-mediated expression of type I IFN-induced effector pro-
teins (7). As expected, A549 cells stably expressing the V pro-
tein were no longer capable of synthesizing MxA upon in-
duction with saturating amounts of IFN-�2 (Fig. S1D).
Nevertheless, in these cells, titers of avian influenza A virus
were reduced to the same extent as that in A549 wild-type
cells when either URH49 or UAP56 was depleted (Fig. S1A,
S1B, and S1C), indicating that the observed reductions in
titers were not simply the result of a type I interferon-
mediated antiviral response.

Influence of URH49 or UAP56 knockdown on splicing and
nuclear export of viral mRNAs. To better define the step(s) of
the influenza A virus replication cycle affected by the depletion
of URH49 or UAP56, we examined the splicing and nuclear
export of viral mRNAs of segment 7 (M segment). Read and
Digard recently showed that UAP56 plays a role in the nuclear
export of several human influenza A virus mRNAs, namely,
M1, M2, NS1, and HA mRNAs, while the export of other viral
mRNAs, in particular NP mRNA, was largely independent of
UAP56 (28). A549 cells depleted of URH49 or UAP56 were
infected at an MOI of 5 with avian influenza A virus for 4 h.
RNA isolated from the nuclear and cytoplasmic fractions was
then analyzed either by Northern blotting (Fig. 3A) using neg-
ative-stranded RNA probes specific for NP and M or by qPCR
(Fig. 3B) using primers specific for M1, NP, HA, and NS1 or
primers specific for unspliced M1 mRNA and spliced M2
mRNA (Fig. 3E). Northern blot analysis revealed that in cells
transfected with control siRNA, both the mRNAs coding for
NP and M1 accumulated primarily in the cytoplasm (approxi-
mately 60%) (Fig. 3A, C, and D). In contrast, the depletion of
UAP56 or URH49 reduced the nuclear export of the NP and
M1 RNAs to the cytoplasm. The knockdown of URH49 lim-
ited the accumulation of NP mRNA and M1 mRNA to 38%
and 43%, respectively (Fig. 3A, C, and D). Although the de-
pletion of UAP56 had a less pronounced effect on the nuclear
export of NP and M1 mRNAs, the data clearly indicate that
both helicases are involved in this process. mRNAs encoding
M2 were not detectable by Northern blotting. When the RNA
samples were analyzed by qPCR, similar results were obtained
(Fig. 3B). The data are shown as means of data from 5 inde-
pendent experiments, each normalized to 18S rRNA data. The
depletion of URH49 led to a reduced export of M1 and NP
mRNAs into the cytoplasm (18% M1 mRNA and 19% NP
mRNA in the cytoplasm) compared to treatment with control
siRNA (37% M1, 28% NP, 36% HA, and 23% NS1 mRNAs in
the cytoplasm), while the nuclear export of HA mRNA was
only marginally affected (33% HA mRNA in the cytoplasm),
and that of NS1 was even enhanced (40% NS1 mRNA in the
cytoplasm). The knockdown of UAP56 reduced the export of
the mRNAs encoding M1, HA, and NS1 (25% M1, 23% HA,
and 19% NS1 mRNAs in the cytoplasm) but had only a mar-
ginal effect on NP mRNA export (24% NP RNA in the cyto-
plasm). Furthermore, the depletion of URH49 or UAP56 had
no effect on the ratio between unspliced M1 and spliced M2
mRNAs in the nuclear or cytoplasmic RNA fraction (Fig. 3E).
The spliced M2 RNA accumulated to approximately 5% of the

amount of M1 mRNA, suggesting that the splicing of the M
segment does not require the activity of URH49 or UAP56.
However, we cannot exclude the possibility that UAP56 and
URH49 has an overlapping function in the assembly of the
cellular splicing complex. Taken together, URH49 and, to a
certain extent, UAP56 play a role in the nuclear export of viral
mRNAs. However, the partial nuclear retention of viral
mRNAs in UAP56-depleted cells clearly does not explain the
strong (200-fold) reduction of FPV titers in these cells.

Activation of dsRNA-dependent PKR. Both UAP56 and
URH49 were previously shown to exhibit RNA helicase (un-
winding) activity (35, 37). It is therefore conceivable that
URH49 and/or UAP56 plays a role in the prevention of the
generation of detectable dsRNA replicative intermediates dur-
ing influenza A virus replication/transcription. In contrast to
positive-strand RNA viruses, negative-strand RNA viruses do
not appear to produce detectable amounts of viral dsRNA
intermediates in infected cells (39). In order to address this
question, we tested the accumulation of dsRNA by monitoring
the phosphorylation of dsRNA-dependent protein kinase R
(PKR). The binding of dsRNAs of more than 30 bp in length
leads to the activation of latent PKR by dimerization and
autophosphorylation (29). A549 cells depleted of URH49 or
UAP56 were either mock infected or infected with human and
avian influenza A viruses for 4 h. Protein extracts of these cells
were analyzed by Western blotting using a phospho-PKR-spe-
cific antibody (Fig. 4A). The data (Fig. 4C and D) revealed that
the depletion of URH49 or UAP56 resulted in a partial acti-
vation of PKR. Moreover, influenza A virus infection of cells
treated with siRNA specific for URH49 or UAP56 strongly
enhanced the activation of PKR. In contrast, no activation of
PKR was evident in mock-infected control siRNA-treated
cells, and only a weak activation was observed upon infection
(Fig. 4C). In addition, immunostaining of M1 revealed a strong
reduction of M1 protein expression levels in UAP56- or
URH49-depleted cells that paralleled the observed reduction
in virus yield (Fig. 2B and C). Taken together, these observa-
tions indicate that URH49 and UAP56 do indeed play a role in
preventing the accumulation of dsRNA in virus-infected cells.
In addition, we also tested whether the depletion of URH49
and UAP56 would result in the synthesis of type I interferon.
This was not the case, since we did not observe an activation of
the transcription factor interferon regulatory factor 3 (IRF3)
or the secretion of beta interferon by URH49- or UAP56-
depleted cells, independent of whether they were infected or
not (data not shown).

Accumulation of dsRNA in UAP56-depleted cells. The ob-
served activation of PKR in URH49- or UAP56-depleted cells
infected with influenza A virus could be the result of an accu-
mulation of dsRNA. To address this, we took advantage of a
monoclonal antibody highly specific for dsRNA. Weber and
colleagues (39) previously showed that infection with positive-
stranded but not negative-stranded RNA viruses, such as in-
fluenza virus, resulted in the accumulation of virus-specific
dsRNA in host cells. We infected A549 cells following treat-
ment with either control siRNA or siRNA specific for URH49
or UAP56 with avian (Fig. 5A) or human (Fig. 5B) influenza A
virus for 4 h, representing the optimal time frame for allowing
dsRNA formation. As expected, in control siRNA-treated
cells, infection with influenza virus did not yield detectable
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levels of dsRNA (Fig. 5A and B). In contrast, infection of
UAP56-depleted cells led to a pronounced accumulation of
dsRNA in the perinuclear space (Fig. 5A and B). Notably, the
depletion of URH49 did not result in the accumulation of
dsRNA in the infected cells despite the fact that we observed
a pronounced activation of PKR in these cells (Fig. 4C). Mock
infection of URH49- or UAP56-depleted cells yielded much
lower levels of dsRNA, suggesting that the observed dsRNA
was predominantly of viral origin (Fig. 5C). The puzzling ob-
servation of the perinuclear accumulation of dsRNA raised the

possibility that the antibody detected incoming RNPs in a
panhandle conformation (17) that may require unwinding be-
fore passage through the nuclear pore. To test this hypothesis,
we treated the cells with actinomycin D before infection,
thereby preventing de novo synthesis and nuclear export of
viral RNAs (38). Evidently, the inhibition of viral RNA syn-
thesis strongly reduced the accumulation of dsRNA in UAP56-
depleted cells. Nevertheless, small amounts of dsRNA located
in the cytoplasm were detectable in UAP56-depleted and, sur-
prisingly, also in URH49-depleted cells (Fig. 6A). The fact that

FIG. 3. Reduced export of viral mRNAs in cells treated with UAP56- or URH49-specific siRNA upon infection with influenza A virus.
(A) A549 cells were treated with the indicated siRNA for 72 h and subsequently infected with FPV for 4 h (MOI � 5). Cytoplasmic and nuclear
RNAs were isolated, and 5 �g of RNA per lane was analyzed by Northern blotting. Methylene blue-stained 18S rRNA was used to normalize the
total amounts of RNA in each lane. Precursor rRNA was detectable only in the nuclear RNA fraction. The separated RNAs were hybridized with
DIG-labeled probes specific for influenza A virus M and NP segments. (B) Reverse transcription was performed with cytoplasmic and nuclear RNA
using an oligo(dT) primer and 1 �g RNA. M1, NP, HA, and NS1 levels in the two subcellular fractions were analyzed by qPCR using specific primer
pairs for the indicated viral mRNAs; results are shown as means of data from five independent experiments. (C and D) The nuclear or cytoplasmic
localizations of NP (C) and M1 (D) mRNAs in A were quantified by measuring band intensities using Multi Gauge software from Fujifilm. Total
mRNA from the cytoplasmic and nuclear fractions of control siRNA-treated cells was set as the reference. (E) Splicing of the influenza A virus
M segment was not affected by the knockdown of UAP56 or UARH49. Reverse transcription was performed from cytoplasmic and nuclear RNAs
using the oligo(dT) primer and 1 �g RNA. M1 and M2 levels were assessed by real-time qPCR using specific primer pairs for M1 and M2.
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dsRNA accumulated very early in the infection cycle prompted
us to test whether primary transcription by the virion-associ-
ated polymerase complex (in the absence of the synthesis of
viral proteins) would provide sufficient amounts of viral RNA.
This was clearly not the case; the pretreatment of URH49- or
UAP56-depleted cells with cycloheximide prevented the accu-
mulation of dsRNA (Fig. 6B). Controls with mock-infected
cells showed only very small amounts of dsRNA cells depleted
of UAP56 or URH49 (Fig. 5C and see Fig. S2A and S2B in the
supplemental material). Interestingly, treatment with leptomy-
cin B, which blocks the nuclear export of vRNPs into the
cytoplasm, did not prevent the accumulation of dsRNA in the
perinuclear region of UAP56-depleted cells infected with FPV,
suggesting that the observed dsRNA does not consist of ma-
ture vRNA (Fig. S3).

In order to assess whether the observed activity of UAP56 or
URH49 may also apply to other negative-strand viruses, we
infected URH49- or UAP56-depleted A549 cells with VSV
and looked for the accumulation of dsRNA using the dsRNA-
specific antibody. Intriguingly, similarly to influenza A virus
infection, dsRNA accumulated to high levels in the perinuclear
region of UAP56-depleted cells, whereas dsRNA was not de-
tectable in URH49 siRNA- or control siRNA-treated cells
(Fig. 7).

DISCUSSION

UAP56 has been shown to link mRNA transcription and
splicing to the nuclear export of cellular RNA. Although en-
coded by two distinct genes, the RNA helicases UAP56 and

URH49 show an identity of 90% at the amino acid level (27).
There is increasing evidence that UAP56 is involved in the
nuclear export of influenza virus mRNAs (2, 28, 38). This
raises the question of whether or not URH49 may also play a
role in the transcription/replication of influenza A viruses. Co-
immunoprecipitation and Alpha screen assays have demon-
strated that URH49 is capable of binding NP from both avian
and human influenza A viruses and does so with an efficiency
similar to that of UAP56 (Fig. 1). However, when we analyzed
the functions of URH49 and UAP56 in the replication of avian
and human influenza viruses, it became evident that only
UAP56 was required for the efficient replication of avian in-
fluenza virus (Fig. 2B), while both URH49 and UAP56 showed
an intermediate effect on human influenza A virus. A possible
explanation for these observations is that for human influenza
virus, the two helicases exert a partially overlapping function.
In this context, it is interesting that the depletion of URH49 or
UAP56 always resulted in an increased expression level of the
paralogous helicase (Fig. 2A). Scans of the chicken genome
database for UAP56 and URH49 revealed the presence of only
the gene homologs of UAP56. Hence, it is conceivable that
human URH49 may only partially complement the activity of
UAP56 in conjunction with the avian influenza A virus repli-
cation/transcription machinery.

Several previous studies have shown that the export of
spliced as well as unspliced influenza virus mRNAs encoding
late viral proteins is at least partially dependent on NFX1 and
UAP56 (2, 13, 28, 38). In contrast, the nuclear export of un-
spliced mRNAs encoding early gene products, such as PB2 or
NP, appears to be largely independent of UAP56 viral mRNAs

FIG. 4. PKR is phosphorylated in UAP56 and URH49 knockdown cells upon infection with influenza A virus. (A) A549 cells were treated with
30 nM the indicated siRNAs for 72 h and subsequently infected with influenza virus PR8 or FPV for 4 h (MOI � 5). Total cell lysates were analyzed
by Western blotting using specific antibodies against PKR, phospho-PKR, influenza virus M1, actin, UAP56, and URH49. (B and C) Phospho-PKR
levels (B) and influenza virus M1 protein levels (C) were quantified by measuring band intensities using Multi Gauge software from Fujifilm.
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(28). Hence, whereas the nuclear export of mRNAs encoding
M1, HA, and NS1 depended partially on the function of
UAP56, the nuclear export of NP mRNA was only marginally
reduced in UAP56-depleted cells. Surprisingly, however, the
nuclear export of NP mRNA was at least partially dependent
on the presence of URH49 (Fig. 3A and B). Our data thus
demonstrate that URH49 is also involved in the nuclear export
of viral mRNA, providing further support to the notion that
URH49 exerts a function similar to that UAP56 although
forming distinct nuclear export complexes (41). In addition,
our data provide clear evidence that neither UAP56 nor
URH49 is required for the splicing of M2 mRNA (Fig. 3E).

The fact that during the transcription/replication of nega-
tive-stranded RNA viruses, including influenza virus, dsRNA
intermediates are not detectable (39) suggests the involvement
of cellular RNA helicases. Hence, the association of UAP56
with vRNPs (19) may be crucial not only for the nuclear export
of viral mRNA but also for the prevention of the formation of
dsRNA replicative intermediates. The presence of dsRNA in
infected cells plays a pivotal role in triggering the type I inter-
feron response (12). This hypothesis prompted us to test
whether the depletion of UAP56 or URH49 (i) results in the
accumulation of dsRNA and (ii) would lead to the activation of

dsRNA-dependent PKR. Since PKR is localized in the cyto-
plasm, its pronounced activation in UAP56- or URH49-de-
pleted cells pointed to the accumulation of dsRNA in the
cytoplasm. Immunostaining of dsRNA using a specific anti-
body revealed that, at least for UAP56, this was indeed the
case (Fig. 5). Infection of UAP56-depleted cells with avian and
human influenza A viruses or VSV invariably led to the accu-
mulation of dsRNA in the perinuclear region (Fig. 4 and 6),
thus providing an explanation for the activation of PKR. How-
ever, in the case of URH49 depletion, it is not clear why no
dsRNA was detectable despite the pronounced activation of
PKR in these cells. A possible explanation for this finding may
be that only small amounts of dsRNA were produced, which
were sufficient for the activation of PKR but not detectable by
the anti-dsRNA antibody. The fact that the depletion of
UAP56 and URH49 led to a modest activation of PKR in
mock-infected cells is puzzling (Fig. 4A). It is conceivable that
during the nuclear export of cellular mRNAs, the unwinding
activity of UAP56 is required to prevent the cytoplasmic accu-
mulation of highly structured mRNAs capable of inducing the
activation of PKR.

Recently, Burgui and colleagues showed that the influenza
virus polymerase complex remains associated with the cap

FIG. 5. dsRNA accumulates in the perinuclear region of UAP56 knockdown cells infected with human or avian influenza A virus. A549 cells
were treated with the indicated siRNAs for 72 h and infected with FPV (A) or PR8 (B) for 4 h or mock infected (C). Cells were fixed with 4%
formaldehyde and permeabilized with 0.5% Triton X-100. Cells were stained by using an anti-influenza virus serum (1:300) and anti-dsRNA
antibody (1:3,000). Pictures were taken with a Leica TCS-SP5 confocal microscope.
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structure of the viral mRNA in the cytoplasm, replacing the
function of the cellular factor eukaryotic initiation factor 4E
(eIF4E) (3). Hence, it is tempting to speculate that UAP56
remains associated with the viral mRNA via the polymerase
complex, facilitating the translation of the viral mRNA. In-
deed, a function similar to the activity of eIF4A in protein
translation was recently shown for UAP56 in cardiomyocytes
(30). So far, a defined activity in the cytoplasm has been dem-
onstrated only for UAP56 (20, 31).

Although it is highly likely that the observed dsRNA is
predominantly of viral origin, we have no formal proof. Nev-
ertheless, the inhibition of replication with actinomycin D or
cycloheximide (allowing primary transcription) abrogated the

formation of dsRNA. Recently, Dauber and colleagues showed
that in the absence of a functional NS1 protein, cytoplasmic
vRNPs are capable of inducing dsRNA-dependent PKR dur-
ing the late phase of influenza B virus infection (5). Inciden-
tally, B/NS1 was reported previously to colocalize with several
factors of the nuclear export machinery in nuclear speckles and
to interact with UAP56 in vitro (32). However, the inhibition of
the CRM-1-mediated nuclear export of vRNPs by treatment
with leptomycin (8) had no effect on the accumulation of
dsRNA (see Fig. S3 in the supplemental material), strongly
suggesting that the accumulating dsRNA in the perinuclear
region does not consist of vRNPs.

There is ample evidence that the NS1 protein of influenza
viruses efficiently interferes with the activation of PKR (re-
viewed in references 11 and 40). Hence, the observed activa-
tion of PKR in influenza virus-infected cells lacking either
UAP56 or URH49 could be due to low levels of NS1. The
nuclear export of NS1 mRNA is reduced in cells depleted of
UAP56 (28) or URH49 (data not shown). However, despite a
pronounced activation of PKR, the depletion of UAP56 or
URH49 did not result in the production of detectable amounts
of type I interferons in the culture supernatants of influenza
virus-infected cells, nor did we observe an activation of IRF3
(data not shown). Hence, it is conceivable that the observed
inhibition of the interferon signaling cascade is due to the
activity of low levels of NS1 interfering with the activation of
RIG-I (10, 40), suggesting that the reduced amount of NS1 is
still sufficient for interfering with the type I interferon re-
sponse. In this context, it is interesting that Ostertag and col-
leagues reported previously that the infection of host cells with
a polR mutant of VSV (containing a single-amino-acid substi-
tution in the N protein) resulted in the overproduction of viral
dsRNA and, as a consequence, the activation of PKR. Surpris-
ingly, however, the observed growth restriction of this mutant
virus was independent of the type I interferon response (23,

FIG. 6. Treatment with cycloheximide or actinomycin D prevents
accumulation of dsRNA in UAP56-depleted cells infected with influ-
enza A virus. A549 cells were treated with the indicated siRNAs for
72 h. Cells were incubated with actinomycin D (0.5 �g/ml) (A) or
cycloheximide (75 �g/ml) (B) 1 h before infection. Cells were infected
with FPV (MOI � 5). Inhibitors remained in the medium during and
after infection. Cells were fixed at 4 h postinfection and stained by
using an anti-influenza virus serum (1:300) and anti-dsRNA anti-
body (1:3,000). Pictures were taken with a Leica TCS-SP5 confocal
microscope.

FIG. 7. Vesicular stomatitis virus induces accumulation of dsRNA
in UAP56 knockdown cells. (A) A549 cells were treated with the
indicated siRNAs for 72 h and subsequently infected with VSV Indi-
ana for 4 h. Cells were fixed with 4% formaldehyde and permeabilized
with 0.5% Triton X-100. Cells were stained by using a polyclonal
anti-VSV serum (1:300) and anti-dsRNA antibody (1:3,000). Pictures
were taken with a Leica TCS-SP5 confocal microscope.
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24). Hence, it would be interesting to test whether the ob-
served growth restriction phenotype of this VSV polR mutant
could be linked to the activity of UAP56.

It is intriguing that influenza virus-induced dsRNA was not
observed in the nuclei of UAP56- or URH49-depleted cells
(Fig. 5). Since influenza viruses replicate in the host cell nu-
cleus, we would have expected an accumulation of dsRNA
primarily in the nucleus. One possible explanation is that
URH49 and UAP56 may be able to complement their un-
winding activity in the nucleus. Unfortunately, it is not pos-
sible to test this hypothesis, since the concomitant depletion
of URH49 and UAP56 led to cell death within 72 h of the
start of siRNA treatment (data no shown; see also refer-
ences 14 and 15).

Taken together, we were able to show that the cellular RNA
helicases UAP56 and URH49 not only play a role in the nu-
clear export of viral RNA but also are required to prevent the
activation of PKR. Moreover, UAP56 prevents the formation
of virus-induced dsRNA and, hence, the antiviral response of
PKR in influenza virus- and VSV-infected cells. Moreover, it
will be interesting to elucidate whether the usurpation of the
activity of UAP56 may be a general viral strategy for evading
the innate immune system.
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